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Abstract 29 
Amongst the different mechanisms that have been proposed and used to structure organogels, 30 
self-assembly of the gelators into supramolecular structures linked through non-covalent 31 
bonds is the most interesting. The gelator activity of LMGOs is often found most effective 32 
when micellar or lamellar phases are obtained, which is dependent on the gelator geometry 33 
and the specific packing parameter. Gelation can therefore be induced by altering the packing 34 
parameter of different gelators, but due to the law restrictions there are only a few edible 35 
gelators that can be used to structure edible lipids. Here, we show that a combination of α-36 
tocopherol and phosphatidylcholine (PC) can be used to alter the packing geometry to provide 37 
supramolecular structures needed for the organogelation. We have observed that when the 38 
gelators were combined at 1:1 ratio in sunflower oil, edible organogels were obtained. The 39 
firmness of the solid-like material was enhanced when 1.0 wt% of water was added. The 40 
proposed mechanism for this assembly is that most likely cylindrical micellar structures are 41 
formed, due to combined assembly of the α-tocopherol and phosphatidylcholine, stabilized 42 
through physical interactions. Since these interactions, and the accompanied packing 43 
geometry, depends on temperature and application of external stresses, the formation of the 44 
organogels showed reversibility when the organogels were subjected to shear or when the 45 
temperature was increased to values above 35 oC. Polarized microscopy along with small 46 
angle X-ray scattering were used to provide a hypothesis for the mechanism behind the 47 
gelation.  48 
 49 
Key words: supramolecular, self-assembly, organogel, oleogel, low molecular weight organic 50 
gelators (LMOGs), lecithin, α-tocopherol, packing geometry 51 
 52 
 53 
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Introduction 54 
The texture of complex materials is provided by the structuring of both aqueous and oil 55 
phases.1 The aqueous phase can mainly be structured by biopolymers, such as proteins and 56 
(poly)saccharides, while the physical state of lipid phases mainly depends on the composition 57 
of saturated triacylglycerol (TAGs) hardstock. At room temperatures or below, saturated fatty 58 
acids crystallise and form a fat crystal network through van der Waals interactions or 59 
sintering, providing the lipid phase with solid-like properties.2 Saturated (solid) lipids also 60 
possess other specific advantageous characteristics over unsaturated (liquid) lipids, such as 61 
oxidative stability. These physical and chemical characteristics are important in several lipid-62 
based applications as they determine the texture, spreadability and shelf-life of the condensed 63 
material and subsequently also those of the final product.3 Additionally, much evidence exist 64 
in literature, stating that the intake of saturated and trans fatty acids contribute to global 65 
epidemics related to metabolic syndrome and cardiovascular disease (CVD).4,5 As a 66 
consequence, legislation limits the use of trans fats in a variety of products and also 67 
consumption of  saturated fatty acids is undesired, although their specific health effects are 68 
debated. In an attempt to reduce the use and consumption of trans and saturated fatty acids, 69 
the use of unsaturated fats (liquid oil) becomes more prominent, and knowledge on how to 70 
alter their textural properties of oil is essential. Nowadays, there have been great advances 71 
with regards to the nanostructuring of liquid oils into functional fats, also known as 72 
organogels.6 Structuring oil with alternatives for saturated hardstock is of high interest for 73 
many technological and biomedical applications, like food products,3 organic electronics7 and 74 
drug delivery.8,9 75 
The building blocks for the formation of these organic soft materials (organogels) can vary 76 
widely, but mainly fall under the categories of polymeric strands, particle-filled networks and 77 
liquid crystalline mesophases.10 Some of these building blocks can be formed by self-78 
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assemblies of low molecular weight organogelators (LMOGs), and the resulting gels are often 79 
described in literature as supramolecular organogels.11 The gelator molecules self-assemble 80 
into nanofibers (supramolecular polymers) of specific dimensions due to their geometrical 81 
packing and then their entanglements create a space-spanning three dimensional network and 82 
subsequently entrap solvents in the nanospaces. Electron microscopy images of organogels 83 
show a three dimensional network formed by entanglements of supramolecular polymers with 84 
a variety in size from a few to hundreds of nanometers.12,13 The mechanism behind the 85 
formation of these structures is the array of monomer units which are linked through non-86 
covalent bonds, such as van der Waals, hydrogen bonding, electrostatic interactions and π-π 87 
or τ- stacking. 88 
These solid-like systems have triggered the interest of scientists due to their functionality 89 
caused by the dynamic properties of the supramolecular polymers. The polymers can be 90 
reversibly converted to monomers by external stimuli such as temperature, shear, ionic 91 
strength, electricity and light.14 92 
Despite the high scientific interest, the most effective molecular architecture that can lead to 93 
organogels is not exactly known and an exact link between the formed architecture and the 94 
molecular properties is not clarified yet. Nevertheless, a variety of organogels have been 95 
made, but with potential applications only in pharmaceuticals, organic technology or art 96 
conservation.15,16 Due to the strict legislations it is very difficult and challenging to find edible 97 
gelators for food applications. 98 
In literature there are only a few examples of edible LMOGs.17 The most extensively 99 
investigated gelators in edible lipid materials are the combination of sterol esters (γ-oryzanol) 100 
with sterols (β-sitosterol), for which the self-assembly into tubular structures is enhanced by 101 
mechanical agitation.18,19 Other examples of edible LMOGs are long chain saturated fatty 102 
acids, saturated fatty alcohols and their mixtures,20,21 ricinelaidic acid22,23 and mixtures of 103 
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lecithin and sorbitan tri-stearate.2 All the above components can structure vegetable oils upon 104 
formation of certain geometrical packing upon cooling. 105 
In the current work, the potential to structure edible oil with lecithin (phosphatidylcholine, 106 
PC) in combination with α-tocopherol was investigated (Fig. 1). Lecithin has been thoroughly 107 
investigated as a component of non-polar materials for a lot of different potential applications 108 
like bioactive compound carriers,24 enzyme encapsulation25 and in combination with other 109 
compounds as edible oil thickeners.2,26 According to several researches, purified PC is not 110 
able to structure organic solvents, but the presence of impurities like carotenoids27 or the 111 
addition of small amounts of water or other polar solvents can lead to solid-like materials.28-31 112 
When PC is dissolved in non-polar media, the specific geometry of PC leads to the formation 113 
of  spherical reverse micelles. The addition of small amounts of a polar solvent induces an 114 
uniaxial growth of cylindrical micelles through the formation of hydrogen bonds. The change 115 
in the packing geometry from reverse micelles to reverse cylindrical micelles, leads to the 116 
formation of a temporal three dimensional network upon overlap of the cylindrical self-117 
assemblies at a certain threshold concentration. The formed cylindrical self-assemblies of 118 
nanofibers (supramolecular polymers) are often referred to in literature as wormlike 119 
micelles.32 120 
Instead of using a polar solvent to alter the packing geometry of lecithin, we use α-tocopherol. 121 
α-Tocopherol is also known as vitamin E, which has been shown to be inversely associated 122 
with mortality from cardiovascular disease at certain concentrations.33 The major difference 123 
between PC and α-tocopherol is their geometry; PC has a large hydrophobic area (tails) and a 124 
very small hydrophilic area (head), whereas α-tocopherol has a much larger hydrophilic area 125 
and a smaller hydrophobic area (Fig. 1). Therefore, their mixtures might lead to a variety of 126 
different packing geometries. The formed edible organogels where studied using several 127 
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techniques, like polarized microscopy, texture analysis and small angle X-ray scattering 128 
(SAXS). 129 
 130 
Experimental Section 131 
Materials. Refined sunflower oil was purchased from commercial sources. Its moisture and 132 
free fatty acid content was negligible, so it was used without further purification. Oil-free 133 
soya lecithin (SOLEC™, FP30, > 30% phosphatidylcholine) was kindly purchased from 134 
Solae (Le Grand-Saconnex, Switzerland). The ethanol soluble material was subjected to 135 
purification with a silica column by applying CH2Cl2/MeOH (1:1) as the eluent. The resulted 136 
product consisted of 99% phosphatidylcholine. All other chemicals where obtained from 137 
Sigma-Aldrich (Steinheim, Germany) at the highest degree of available purity. 138 
Sample preparation. The structuring agent was mixed at ambient temperature with 139 
sunflower oil and heated until complete dissolution (80 oC, 20 min). After cooling down they 140 
were stored at 5 oC for 1 week to allow the self-assembly of the structuring agents to take 141 
place. The concentrations used were 25% w/w and mixtures of lecithin (PC) and α-tocopherol 142 
were used in ratios of 1:1, 1:2 and 2:1. Pure samples of lecithin (1:0) and α-tocopherol (0:1) 143 
were used as references.  144 
Texture analysis. The TA.XT.plus texture analyser (TTC texture technologies, Scarsdale, 145 
NY, USA) with a 500 g load cell was used to analyse the firmness of the gels. A 20 mm 146 
diameter plastic probe was used for compression. Samples were provided in a 50 ml beaker 147 
glass, prepared 1 week before use and kept overnight at different temperatures. The sample 148 
was compressed until a strain of 50%. The measuring speed was set to 1 mm/s. Tests with 7 149 
replicates indicated that the standard deviation was around 6. For the remaining samples, the 150 
average value and the corresponding error margins were calculated from triplicates.  151 
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Microscopy. The microstructure of the organogels were analysed by cross polarised light 152 
microscopy (Reichert-Jung Polyvar, Germany) with Plan 10x/1x and Plan 40x/1x objectives 153 
at NIZO Food Research, Ede. All gels where kept at 4 oC for 7 days and their microstructure 154 
was observed after storage at ambient temperature for 1 day. 155 
Small Angle X-rays Scattering. SAXS measurements were performed at the University of 156 
Groningen using an advanced Nano-Star SAXS set-up which is a home-made assembly of a 157 
NanoStar camera and a Microstar X-ray generator (both by Bruker AXS). The collimation 158 
line between the rotating anode generator and the camera consists of multilayer optics 159 
Montel-P (by Incoatec) and 3 pinholes (by Rigaku) of 0.5, 0.3 and 0.5 mm in diameter spaced 160 
at distances of ca. 28, 58 and 76 cm from the middle of the optics unit, respectively. Passing 161 
through the optics, the primary beam is monochromized for CuKα-radiation (a wavelength of 162 
0.1542 nm) and simultaneously collimated to get a low divergent beam (the divergence is 163 
below 1×1 mrad2). Both the optics and the collimation line with the first and the second 164 
pinholes are evacuated. The third pinhole located in the sample chamber of the NanoStar 165 
camera is in air. All 3 pinholes are manually adjusted. A measured sample, which is also 166 
placed in air, is thus located at ca. 80 cm from the optics, while the sample-to-detector 167 
distance is ca. 184 cm. The maximal parameters of the rotating anode X-ray generator are 45 168 
kV and 60 mA. At these parameters the flux of the primary X-ray beam at the sample position 169 
is estimated to be ca. 8•108 photons•s-1•mm-2, while the size of the beam is about 0.4 mm in 170 
diameter. The SAXS intensity profiles were acquired at room temperature (20º) using an 171 
acquisition time of 3 minutes. 172 
 173 
Discussion 174 
Organogel Formation. Our results show that organogels can be created with either crude and 175 
purified PC. However,  in order to understand the structure formation  of the organogels and 176 
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the accompanying interactions between the different structurants, we aimed to work with pure 177 
phosphatidylcholine. As already observed before, different types of impurities may lead to 178 
different properties,27 and depending on the source of the lecithin, different concentrations of 179 
phosphatidylcholine are present. Therefore, in order to obtain reproducible results and to 180 
minimize effects of impurities, the phosphatidylcholine fraction from a commercial available 181 
food grade soy lecithin was first purified before use. 182 
When purified phosphatidylcholine or α-tocopherol was dissolved in sunflower oil, no gel 183 
formation was observed at any concentration. However, when phosphatidylcholine or α-184 
tocopherol are jointly present in the vegetable oil, at a weight ratio of 1:1, gel formation was 185 
observed and a spreadable, non-pourable, solid-like material is formed (Fig. 2). It is already 186 
well known that pure phosphatidylcholine by itself cannot structure non-polar solvents and its 187 
only known combinations that can result in lipid material  gelation is with sorbitan tri-stearate 188 
(STS) or small amounts of a polar solvent.2,21,28,29  189 
In the case of combination of PC with STS, the suggested mechanism is that the building 190 
blocks for structure formation are provided by STS crystals.2 Lecithin acts as a crystal habit 191 
modifier, modifying the packing geometry of the crystal formation and stimulating needle- or 192 
plate-shaped crystals. It has to be mentioned at this point that STS molecules have three 193 
esterified saturated fatty acids (stearic acid) which are expected to play a key role in the 194 
solidification mechanism. In the case of combination of PC with polar solvents, the packing 195 
geometry is probably changed by inducing strong hydrogen bonding, which induces an 196 
uniaxial growth of the reverse micelles, forming supramolecular polymers.28,29  197 
We hypothesize that the crystal formation (Fig. 2) as a result of addition of both PC and α-198 
tocopherol, is due to a change in packing geometry of the reverse micelles of lecithin. 199 
Formation of assemblies is favourable due to minimization of the hydrophilic head group – 200 
solvent interactions, also known as the entropic hydrophobic effect. The shape of the 201 
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assembly is a result of the geometry of the molecules, and can be estimated taking into 202 
account the molecular packing parameter.34,35 In the case of lecithin, the small hydrophilic 203 
area and the large hydrophobic area favor the formation of small spherical reverse micelles 204 
(Fig. 3a). The addition of a larger hydrophilic area in the form of α-tocopherol, leads to a 205 
gelator mix geometry that would favour packing closer to cylindrical micelles or lamellar 206 
phases as depicted in Fig. 3b (decrease in molecular packing parameter).  207 
The spherical reverse micelles do not have the ability to overlap to form space spanning 208 
networks. However, the involvement of α-tocopherol in the formerly spherical reverse 209 
micelles, most likely induce the creation of supramolecular structures, also known as 210 
supramolecular polymers that are physically cross-linked and entangled due to non-covalent 211 
bonds, such as van der Waals, hydrogen bonding and coordination interactions. This induces 212 
the formation of a spanning network and therefore gelation of the system. The high sensitivity 213 
of these organogels to shearing (data not shown) indicates that the occurred physical 214 
intermolecular interactions are very weak.  215 
Structure stability. The packing geometry of small molecules is largely dependent on 216 
different interactions between the hydrophilic and hydrophobic areas and are therefore often 217 
dependent on temperature. Temperature not only changes the interactions, but also changes 218 
slightly the solubility of the gelators in the oil. According to the data illustrated in Fig. 4, the 219 
formed supramolecular polymers do indeed change with temperature and affects the solid-like 220 
behaviour. At low temperatures, there are probably strong physical interactions that promote 221 
the specific packing into the supramolecular polymers and the entanglement of these 222 
polymers, but at higher temperatures, these interactions weaken and the formation of a 223 
network is reduced. At temperatures above 15 oC, the organogel becomes softer and when it 224 
reaches 35 oC, the system behaves like a liquid, which probably means that no strong 225 
intermolecular interactions between the added molecules are present, but the system is 226 
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dominated by weak interactions only (~kT). Shearing could also promote the breakage of the 227 
network (Fig. 5). Actually, this behaviour of gelators is desirable in edible lipid materials.36 228 
Since human body temperature and consequently mouth temperature is around 36 oC, lipid 229 
materials that show a melting behaviour around this temperature, similar to fats such as milk 230 
fat and cocoa butter, have desirable oral perception.  231 
Addition of small amounts of water. As mentioned previously, PC organogels can also be 232 
formed when PC is combined with a small amount of polar solvent like water, glycerol or 233 
formamide. The presence of a polar solvent induced the formation of additional hydrogen 234 
bonds that enhance the interactions between the PC molecules.28-31 The polar molecules, like 235 
water, act like a bridge which connects and stabilizes the formed network. The resulted 236 
organogels have been observed not to be highly shear sensitive, behaviour that indicates 237 
stronger intermolecular interactions when PC is combined with small amounts of a polar 238 
solvent. To test whether these interactions could also enhance the gel strength of the formed 239 
PC-tocopherol organogels, 1.0% (w/w) of water was added to warm sunflower oil solutions 240 
containing PC and α-tocopherol at different ratios. From all the tested combinations, at the 241 
presence of water, only the 1:1 and 0:1 combinations (α-tocopherol:PC) provided solid-like 242 
behaviour after storage for 1 week. On the other hand, in the absence of small amounts of 243 
water, only the 1:1 ratio could lead to gel-like structures (Fig. 6). All the other samples were 244 
liquids or viscous liquids. The activity of PC with small amounts of water as gelator was 245 
already reported before, but it has not been reported for other comparable systems. The 246 
present water acts like an intermolecular bridge, connecting the polar regions of PC through 247 
hydrogen bonding with the phosphate groups. At the same time a uniaxial growth of 248 
“wormlike” reverse micelles is induced. As illustrated in Fig. 7, the presence of α-tocopherol 249 
(triangles) lead to less strong gels compared to gels prepared with lecithin and water only. In 250 
these gels, the α-tocopherol molecules are also involved in the formation of the 251 
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supramolecular structures, through the interactions of the polar heads. They probably disturb 252 
the consecutive row of PC and water molecules connected with hydrogen bonds, thereby 253 
reducing the strength of the interactions. Similar behaviour has also been observed when β-254 
carotene was present.26 When β-carotene was added in PC/water organogels the viscosity was 255 
found to be inversely proportional to the β-carotene content. According to the authors, β-256 
carotene acts as an end-cap-active agent in lecithin cylindrical reverse micelles. With the 257 
presence of dimethylfloramide (DMFA) the disruption mechanism was more obvious.37-39 258 
DMFA molecules are incapable of forming hydrogen bonds with a second PC molecule, 259 
which confirms the interruption of the consecutive hydrogen bond chain. 260 
According to the data plotted in Fig. 7, the water molecules induce strong physical 261 
interactions between the PC molecules. It seems that even after heating up to 65 oC, the 262 
interactions between the molecules are still strong enough to provide a network. At 263 
temperatures above 65 oC, the entanglement of the wormlike polymers into long-range 264 
orientational order seems to weaken due to a reduced strength of the interactions. At these 265 
higher temperature, probably only one dimensional polymers or monomers are present (Fig. 266 
5). Without entanglements of the one-dimensional polymers, these structures do not 267 
contribute to the network formation of the building blocks, and behaves more like a viscous 268 
liquid. 269 
Adjusting the melting behaviour of lipid material is something desirable. The presence of α-270 
tocopherol molecules actually changes the melting profile to lower temperatures. Addition of 271 
α-tocopherol to weaken the physical interactions between water and lecithin could potentially 272 
be used to provide structured lipid materials with different melting behaviour. Fig. 7 273 
illustrates the effect of tocopherol addition to the PC-water systems on the hardness of the 274 
gels. The addition of tocopherol  leads to a gel hardness roughly 2 times lower than for the 275 
gels without tocopherol. When comparing a tocopherol:PC system without water (Fig. 4) and 276 
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with water (Fig. 7, triangles), we observe an increase (1.5 times) of gel strength upon addition 277 
of water. The comparison of Fig. 4 and Fig. 7 (triangles) shows that there is only a small shift 278 
in the temperature range for which the melting behaviour is observed, which indicates that the 279 
melting behaviour is not largely affected by the addition of water. This means that in the 280 
presence of water, there are stronger intermolecular interactions, but the entanglement of the 281 
supramolecular structures is still affected at similar temperature. The melting behaviour of 282 
these organogels, both with and without water, is similar to the behaviour of lipids containing 283 
crystalline (saturated) fat, so probably; their mouthfeel could also be similar. Above 40 oC, 284 
the samples containing the small amount of water were completely liquid, but when re-cooled 285 
and stored, the formed gels had a similar hardness than the initial organogels. This thermal 286 
reversibility is often seen for organogels.40 287 
Microstructure. As already discussed previously, the structural assembly of small molecules 288 
is partly dependent on the geometry of the molecules and the interactions, first described by 289 
the molecular packing parameter by Israelachvili.41 Concentration and solvent-molecule 290 
interactions are also essential, and nowadays, already a large variety of structural assemblies 291 
have been observed.42,43 Depending on the PC and water concentration in an organic solvent, 292 
different anisotropic or isotropic liquid-crystalline phases have been observed.29 The observed 293 
anisotropic phases are the reverse nematic N2 phase, the reverse hexagonal H2 phase and the 294 
lamellar Lα phases.  On the other hand, the possible isotropic phase is a reverse cubic I2 phase. 295 
Moreover, at the absence of water and at PC concentrations below 45 wt%, the well-known 296 
reverse micellar L2 phase exist. The L2, H2 and Lα are the dominate phases, whereas I2 and N2 297 
have much more limited stability ranges. 298 
Upon addition of a co-solvent, such as cyclohexane, the interactions between the solvent and 299 
the molecules changes and the formation of different structural assemblies can be observed. 300 
According to isotherm phase diagrams of the ternary system PC/water/cyclohexane, the 301 
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system is present as an isotropic reverse micellar L2 phase when the concentration of PC is 302 
below 25.0 wt% and water below 10 wt%. A major part of this phase contains long reverse 303 
wormlike micelles that entangle to form a network similar to conventional polymer solutions. 304 
When the PC concentration is increased, there is an equilibrium between a reverse hexagonal 305 
H2 and a lamellar Lα phase. The formation of these phases results in a high increase of the 306 
apparent viscosity. This behaviour is not the same with all organic solvents. When 307 
cyclohexane was used, the H2 phase also appeared but only when the total weight fraction (φ) 308 
of PC and water was between 34.0 and 77.0%. An additional phase, the N2 phase, was 309 
observed when the total weight fraction was between 35.0 and 45.0% and the Lα phase was 310 
again observed when the total weight fraction was above 50.0%. It has to be mentioned that at 311 
specific PC to water ratios, both H2 and Lα phases are present.
32  312 
In the current research, where sunflower oil was used as an organic solvent, the 313 
concentrations needed to form supramolecular structures seem to be lower. At 1.0 wt% of 314 
water, concentrations of PC above 10 wt% lead to high viscous liquids and above 25 wt% to 315 
solid-like structures, which by default, indicates the presence of H2 and Lα phases. Fig. 8a 316 
illustrates images of the PC organogel under polarized light. A mosaic structure can be 317 
observed, which could indicate the presence of a lamellar phase Lα. However, it is possible 318 
that the PC concentration is too low to form lamellar phases, and only reverse micellar L2 319 
phases are present. It is most likely that very long wormlike polymers are entangled to form 320 
type II hexagonal H2 phases and when the local PC concentration is high enough, also 321 
lamellar Lα phases are formed. When PC is combined with α-tocopherol at the same total 322 
weight fraction, the microstructure is completely different (Fig. 8b). In this image, some 323 
isotropic areas can be found, which probably represent the entrapped liquid. Depending on the 324 
focus of the microscope, the non-continuous mesophases appear as dark or light coloured 325 
areas. It is most likely that the α-tocopherol molecules are also involved in the reverse 326 
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micellar structures and as a consequence the formed supramolecular polymers probably have 327 
different dimensions. Focus on one of the formed mesophases showed that the solid-like 328 
structure is mainly due to the presence of needle like crystals (Fig. 8c). These structures were 329 
similar to the obtained crystals in the absence of small amounts of water (Fig. 2). 330 
In order to gain deeper knowledge on the nature of the supramolecular assemblies observed 331 
under the polarized light, X-ray scattering was performed to gain insight in the relevant length 332 
scales as illustrated in Fig. 9. It can be clearly seen that when only α-tocopherol is present in 333 
sunflower oil, there is no structured material in the system. The plotted curve was exactly the 334 
same when only PC without added water was present. On the other hand, addition of a very 335 
small amount of water (1.0 wt%) resulted in a highly ordered solid-like material, as it 336 
revealed from the sharp peak plotted in Fig. 9, at a length scale of around 52 Å. Taking into 337 
account the length of a single lecithin molecule which can be approximately between 20 and 338 
28 Å, this size would be equal to two lecithin molecules. This indeed indicates the presence of 339 
either inverse cylindrical micelles with this diameter (size of two lecithin molecules) or a 340 
lamellar phase with this width (stacking of two lecithin layers). The ordering of cylindrical 341 
micelles may lead to a hexagonal chain packing, similar to the α-phase of crystalline 342 
triacylglycerides which is the main building block of fat. When PC is combined with α-343 
tocopherol and a small amount of water, the peak is broadened and slightly shifted to the left. 344 
The broadening and shifting of the peak indicates the formation of slightly larger sizes of the 345 
structures and a less ordered system. It can be hypothesized that the main supramolecular 346 
structure is still a hexagonal chain packing, but due to the incorporation of the α-tocopherol, 347 
its size has become slightly larger, and the shape of the reverse cylindrical micelles has 348 
slightly changed. However, from these results, we cannot rule out the possibility that lamellar 349 
phases are not present. 350 
 351 
Page 14 of 30RSC Advances
R
SC
 
A
dv
an
ce
s 
A
cc
ep
te
d 
M
an
u
sc
rip
t
Pu
bl
ish
ed
 o
n 
21
 N
ov
em
be
r 2
01
3.
 D
ow
nl
oa
de
d 
by
 W
ag
en
in
ge
n 
U
R 
Li
br
ar
y 
on
 2
9/
11
/2
01
3 
07
:5
0:
47
. 
View Article Online
DOI: 10.1039/C3RA46584E
15 
 
Conclusions 352 
In this work we studied the ability of α-tocopherol and phosphatidylcholine (PC) to act as 353 
gelators of edible lipid material. Addition of these compounds individually in vegetable oil 354 
does not yield to any structural organization, but their mixtures at 1:1 ratio lead to the 355 
formation of solid-like structures. A total filler weight fraction above 25% is needed to induce 356 
gelation and the produced organogel is a shear sensitive and thermo-reversible gel. At these 357 
concentrations and at the absence of α-tocopherol, PC molecules form spherical reverse 358 
micelles. When α-tocopherol molecules are present, they most likely participate in the 359 
geometrical packing of the molecules due to interactions between their polar regions, and 360 
induce the formation of cylindrical wormlike micelles, which was also confirmed by X-ray 361 
analysis. The entanglement of these long supramolecular polymers lead to a more organized 362 
systems with soft-solid  behaviour.  363 
To change the interactions between the hydrophilic regions of the gelators and thereby 364 
influence the molecular assembly, small amounts of water were added to the α-tocopherol/PC 365 
organogels. When only PC was present, a gum-like organogel was formed with a melting 366 
temperature above 65 oC. When PC was combined with α-tocopherol, the melting temperature 367 
of the thermo-reversible organogels decreased to values  around 35 oC, which is desirable 368 
when the aim is to form crystalline-free edible lipids. The α-tocopherol molecules demote the 369 
strong physical interactions in the wormlike micelles, leading to a faster loss of entanglement. 370 
Apart from edible applications, the tuneable thermo-reversibility and shear sensitivity of the 371 
resulting organogels may also have several applications in pharmaceutical and chemical 372 
industry, like development of carriers of biomolecules with high functionality or other uses 373 
related to oil technology.  374 
 375 
 376 
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Legends to Figures 452 
 453 
Figure 1. 454 
Molecular structure of PC (a) and α-tocopherol (b). With red are indicated the polar areas. 455 
 456 
Figure 2. 457 
Image of the non-pourable gel and its microstructure under cross polarized light. 458 
 459 
Figure 3. 460 
Schematic presentation of the packing geometry. (a) inverse micelle formation with large 461 
curvature (b) formation of small curvature favouring inverse cylindrical micelles or lamellar 462 
phases. 463 
 464 
Figure 4. 465 
Effect of storage temperature on the maximal force of 25.0 wt% total structurant in sunflower 466 
oil (1:1, α-tocopherol:PC). The error margins are deduced from duplicates. 467 
 468 
Figure 5. 469 
The reversible formation of supramolecular polymers. 470 
 471 
Figure 6. 472 
Maximal force of 25.0 wt% total structurant with different mass percentage of PC, at the 473 
presence (■) or absence (□) of 1.0 wt% water in sunflower oil. The error margins are deduced 474 
from duplicates 475 
 476 
Figure 7. 477 
Comparison of the effect of storage temperature on the maximal force of 25.0 wt% total 478 
structurant in sunflower oil, between PC-water (■) and PC-α-tocopherol-water (▲). The error 479 
margins are deduced from duplicates. 480 
                                                                                                                              481 
Figure 8. 482 
Micrographs of organogels with 25.0 wt% of total structurant observed under crossed 483 
polarized light at 20 oC. 24:1, PC:H2O (a), 12:12:1, α-tocopherol:PC:H2O (b, c). 484 
 485 
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Figure 9. 486 
SAXS patterns of organogels with 25.0 wt% of total structurant, containing 1.0 wt% of H2O.  487 
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